ABSTRACT This paper studies a battery energy storage system based on the hexagonal modular multilevel direct ac/ac converter with focus on a control method for state-of-charge (SOC) balancing of the battery units. First, the system structure and the operating principle of the hexagonal multilevel converter, including the branch voltage and the power, are analyzed and simulated, respectively. Then, the mathematical model of the energy storage submodule consisting of the battery energy storage unit and H-bridge submodule cell is developed in PSCAD/EMTDC software. After that, a SOC balancing control strategy is proposed, including the branch SOC balancing between the converter's six branches and the individual SOC balancing between the 14 cascaded converter cells in each branch, which is realized by controlling currents in branch modules. Currents in the branches are controlled by the internal model principle. Finally, the effectiveness of the control strategy is verified in simulation.
INDEX TERMS
Nowadays, more and more renewable energy sources, such as wind turbine generators and photovoltaics, are being integrated to the grid. They are intermittent in nature and produce fluctuating active power. Interconnecting these intermittent sources to the utility grid at a large scale has an effect on the grid voltage and frequency stabilization and may lead to severe power quality issues. The energy storage system brings a significant improvement in power quality, stability, and reliability to the grid. The traditional battery energy storage technique is based on combination of a multi-pulse converter with a complicated zigzag transformer [1] . The line frequency transformer is expensive, bulky and likely to failure. Modern battery energy storage systems are based on the multilevel converters such as diode clamped and cascade H-bridge topologies. The modular multilevel converters (MMC) have several attractive features such as modular structure, the capability of transformer-less operation, easy scalability in terms of voltage and current, and excellent quality of the output waveforms [2] . It has been widely researched and successfully employed in high voltage direct current transmission (HVDC) systems. Furthermore, its highly modularized structure helps to develop distributed energy storage system. An energy storage device can be connected in parallel with the capacitor to build a distributed energy storage system. An additional advantage provided by the MMC in this application is the possibility to interface the energy storage system directly with medium or high voltage grids [3] . In [4] - [6] , a 6.6kV transformer-less battery energy storage system based on the multilevel cascade PWM (pulse width modulation) converter is described which focus on a control method for active power and SOC balancing. [7] focuses on the fault tolerant control of a battery energy storage system based on a multilevel cascade PWM converter with star configuration. During the occurrence of a single converter cell or single battery unit fault, the fault tolerant control enables continuous operation and maintains SOC balancing of the remaining healthy battery units. Recently, several modular multilevel direct AC/AC converters are proposed and become new alternatives for the back-to-back MMC (BTB-MMC) system [8] - [11] . For example, Modular Multilevel Matrix Converter (MMMC) [12] - [14] , which is composed of 9 branches, each comprising series-connected H-bridge submodules and a branch inductor and suitable for 3 -to-A/AC bidirectional direct power conversion. Similarly, the hexagonal modular multilevel direct AC/AC converter (also called ''Hexverter'') uses only 6 branches of full-bridge submodules [15] . It is a new multilevel AC/AC converter with direct power conversion and comparatively fewer required components. Compared with the MMC in back-to-back configuration, it has no dc-link and has the same number of semiconductors but half the number of capacitors and inductors because there are only six branches in its structure. Additionally, it requires smaller capacitors in the same output specification which means that with the same capacitance, the lower voltage ripples enable the hexagonal converter easily to overcome the lower frequency operation environment [16] . Therefore, the modular multilevel direct AC/AC converter seems to be a possible solution to reduce cost, footprint and power losses compared to BTB-MMC.
So far, there are few studies on the hexverter, most of which are mainly focused on the basic working principle [9] . A simplified qualitative comparison of the MMMC and hexagonal converter topologies for ac/ac conversion with BTB-MMC. is presented in [17] and [18] . Several methods about the branch energy balancing control are investigated in [19] - [21] . A new control method based on the injection of circulating current and neutral-point voltage is proposed in [22] . It can effectively balance the branch energy and simultaneously minimize the capacitor voltage fluctuation. In [23] , a d/q model of the hexverter by state space representation is presented which simplifies the continuous time-varying model into a periodic discrete timeinvariant one. A complete analysis of applying the hexverter to medium-voltage distribution networks for stabilizing and regulating the line voltages is presented in [24] and [25] . Additionally, [26] - [28] applied the hexagonal converter to 3-phase AC/AC back-to-back system. Reference [29] - [31] proposed a method to allow the hexverter low-speed operation and control the branch energy during low frequency. Compared with the MMC in back-to-back configuration, it shows significant advantages for low frequency drives.
When the hexverter is applied to the battery energy storage system, due to the characteristics of the battery unit itself such as battery unit tolerances, unequal converter cell losses, and so on, SOC imbalance occurs among multiple battery units inevitably. This may result in reducing the total availability of the battery units and may also cause over-charge or overdischarge of a battery unit. Therefore, an SOC balancing control is indispensable.
In this paper, a battery energy storage system based on the hexverter is proposed. It can flexibly store or release energy according to the power difference between the AC systems of both sides. The operating principle of the hexagonal multilevel converter is analyzed and simulated. The mathematical model of the energy storage submodule is constructed. A new control method for SOC balancing is proposed which can not only effectively ensure the branch SOC balancing of the battery units between the converter's six branches but also the individual SOC balancing of battery cells within each branch. It is different from the voltage balancing control in pure capacitor based hexverter. According to the discharge characteristic of the typical battery cell. It has an almost flat discharge voltage profile. So, attention is paid to capacitor voltages balancing control in pure capacitor based Hexverter. However, when the capacitor units are replaced with battery units, SOC balancing control would be indispensable. In fact, SOC balancing control is essentially the balance of power/energy. Therefore, this paper studies the SOC balancing control method based on the branches powers distribution characteristics. The simulation results verify the correctness of the mathematical model and the effectiveness of the control method.
II. SYSTEM CONFIGURATION AND OPERATING PRINCIPLE
The topology of the hexverter is illustrated in Figure 1 . The converter consists of six identical branches which forms a hexagonal ring. The two three-phase systems' phases (primary side U, V, W and secondary side R, S, T) are connected alternately to the single branches' connection points. Each phase of one system is connected to two phases of the other system by two branches. Each branch consists of n identical H-bridge submodules and an AC inductor. Thus, the branch voltages and the branch currents must contain components with the frequencies of both systems [15] . 
A. BRANCH VOLTAGE
As the converter is ungrounded, the phase voltages of one system can't be adjusted with reference to the ground but only with reference to those of the other system. However, a difference between both star-point potentials v st can be set. Defining the star point of secondary side system as reference potential, the star point of primary side system has a voltage of v st [15] :
where v 1,s,0 (t) and v 2,s,0 (t) are the system voltages' zero components. v b,s,n (t) is the converter's branch voltage. Thereafter, for the convenience of description, we use another symbol v x (x = a to f) as shown in Fig.1 to describe the branch voltages. This leads to the branch voltages:
where v gi,j represents the component of system voltages. All variables are converted to αβ0 reference frame using the following transformation [11] :
Thus, voltage stresses on six branches can be derived as:
So, with the assumption of ideal symmetrical three-phase systems and since (6) where v cN is the rated voltage of the submodule. VOLUME 6, 2018
B. BRANCH POWER
Both three-phase systems interconnected by the hexverter are assumed to be three-phase balanced and thus the voltages and currents in both systems can be simplified as:
where V 1 , V 2 , I 1 , I 2 are RMS values of primary side and secondary side systems respectively. φ 1 , φ 2 are the power factor angle in both systems. The branch voltages and branch currents as shown in Fig. 1 can be expressed as [27] :
where the line-to-line current i rs , i st , i tr , i uv , i vw , i wu are currents for primary and secondary side node R-S, S-T , T -R, U -V , V -W , W -U . The average branch power, i.e. the product of branch voltage and branch current of each branch is calculated by (11) , which is defined as P A , P B , P C , P D , P E , P F , respectively.
(12) show that modules A, C, E and modules B, D, F have the same average power respectively.
According to the theory of instantaneous active power and reactive power, the active and reactive powers for both systems are
Thus (12) can be simplified to the following: (14) shows that for P g1 = −P g2 , the difference in the systems' active powers is equally distributed between all six branches, while Q g1 = Q g2 causes branch active powers with alternating sign and equal absolute value in adjacent branches [19] . This means that the average branch powers between adjacent branches are different which depend on the difference of the reactive power in both systems. As the converter's total energy is not affected by this, it suggests a power transfer between the adjacent branches. The power transfer can be compensated by setting reactive power of both systems to the same value or by using the transfer power which is consist of star point voltage and circulating current [9] . Nevertheless, the use of a transfer power will always lead to additional losses compared to operation with one system freely selectable reactive power [18] . Following equations show the sum and difference between P ACE and P BDF . the energy is stored in the converter. On the contrary, all the capacitor voltages will decrease because the energy is released from them. Furthermore, (16) shows that the average power unbalance between modules A, C, E and B, D, F. This power unbalance has effect on the capacitor voltage.
C. SIMULATION RESULT
Simulation is performed to verify the operating principle of the hexverter in Fig.1 which is built in PSCAD/EMTDC software. The simulation model parameters are shown in Table 2 of appendix where the line voltages of both systems are 6kV. Based on formula (6) and the voltage amplitude of both systems, the cascaded number of submodules per module n ≥ 14, so each branch consists of 14 H-bridge submodules connected in series. A phase-shifted triangular carrier signals are used to generate the gate signals where the initial angle of each carrier signal is shifted according to the number of submodules. The power control and capacitor voltages regulation are realized by controlling currents in branch modules [28] . As shown in the current waveforms of primary side and secondary side in Fig. 3 , the simulation is conducted under the condition that input and output frequencies are 60Hz and 50Hz respectively. As mentioned earlier, the branch module voltages and currents contain both systems' frequencies components from Fig. 4 and Fig. 5 . The branch module voltages are multilevel which can be seen from Fig. 5 . Fig. 5(b) is a local magnification diagram of the A-module voltage. With a cascaded number of submodules per module n = 14, the resulting number of voltage levels in the module voltage is 2n + 1 = 29. As depicted in Fig.6 , the voltages of all capacitors are maintained to constant value with a slight fluctuation.
III. SIMULATION MODEL OF THE BATTERY ENERGY STORAGE SUBMODULE
In this section, a simulation model of battery energy storage submodule consisting of the H-bridge submodule and battery cell as shown in Fig.7 is proposed. First, the mathematical models of the H-bridge submodule and the battery cell are developed respectively. Then the synthetical mathematical model of H-bridge submodule with battery cell is built. Finally, the correctness and effectiveness of battery energy storage submodule model is verified through simulation compared with the detailed model according to the voltage and battery's SOC waveforms. 
A. ELECTROMAGNETIC TRANSIENT SIMULATION MODEL OF H-BRIDGE SUBMODULE
In this part, the electromagnetic transient simulation model of the H-bridge submodule is proposed, which does not change the original circuit structure, and simplifies the structure of the submodule model as follows: Do not consider the submodule's buffer circuit and the switches are regard as ideal switch. Therefore, the states of the submodule can be reduced, as shown in Fig. 8 , where the external circuit (indicated by the dashed line) is equivalent to the current source and S i represents the switching status of the submodule. S i = 1 indicates the submodule is activated positively and the arm current i arm (here, we denote the current flowing through each branch of the converter shown in Fig.9 as arm current i arm .) charges the capacitor, so the output voltage of the submodule is the capacitor voltage v SM _i . While S i = 0 implies the submodule is removed from the circuit, and the arm current i arm is by passed, then the output voltage of the submodule equal to 0; Additionally, S i = −1 means the submodule is activated negatively, the capacitor discharges itself, the output voltage of the submodule is −v SM _i .
So, the H-bridge submodule model used for the simulation can be established, and the algorithm formula is as follows:
And the corresponding arm-module voltage can be expressed as:
43348 VOLUME 6, 2018 From (17) and (18) the V-I relationship of arm module can be obtained as shown in (19) . Equivalent simplified model of the hexverter is shown in Fig. 9 .
The battery model shown in Fig.10 is used in this paper which can be mathematically described by the equation (20) [32] , where e B is Normal voltage, E 0 is Constant voltage, K is Polarization constant, Q is Rated capacity, A is Exponential voltage, B is Exponential capacity,it is Extracted capacity, R B is Internal resistance. The units of each term can be seen in Table 3 of Appendix A. The parasitic inductance is not considered in this model. (21) According to the Kirchhoff's voltage and current laws, the equivalent circuit of the battery energy storage submodule is shown in Fig.11 and can be described by (21) where R B and R C are the internal resistances of battery and capacitor. By solving the equations (17), (20), (21), we can directly obtain the branch voltage and current theoretically. However, the exponential equation in (20) is difficult to solve and is not conducive to the acceleration of the algorithm. Additionally, electromagnetic transient simulation step is usually microsecond, during which time the battery's potential e B changes much less than the capacitor voltage v c , so we can solve the equations (21) quickly under the assumption that (22) is established. Finally, the mathematical model of the battery energy storage submodule is given as following in (23) . Then the formula (23) is realized by using the Fortran language in PSCAD/EMTDC to solve all kinds of electrical quantities by continuous iteration.
C. BATTERY ENERGY STORAGE SUBMODULE MODEL
e B − i B R B = v C + i C R C i C = i B + i arme B (n) = e B (n − 1) ≈ e B (n) (22)                              v C (n) = v C (n − 1) + S i (n) C i C (n) t i C (n) =ê B (n) − v C (n − 1) + i arm (n)R B t C + R C + R B S i i B (n) = i C (n) − i arm (n)S i it(n) = it(n − 1) + i B (n) t e B (n) = E 0 − K Q Q − it(n) + Ae −B·it(n) v SM _i (n) = e B (n)S i − i B (n)R B S i (23)
D. SIMULATION VERIFICATION OF BATTERY ENERGY STORAGE SUBMODULE MODEL
The correctness and effectiveness of the model is verified by a 20A/150Hz square wave current source (i s ) which is used to VOLUME 6, 2018 represent the current i arm in Fig. 11 and the internal resistance of battery R B is 0.77 ohm. The battery parameters are shown in Table 3 of the appendix. The simplified model solves all electrical quantities by iterative calculation of formula (23) in PSCAD/EMTDC software while the detailed model is made up of battery cell and capacitor components connected in parallel. As shown in Fig.12 , the simulation waveforms of detailed model are drawn with solid line while the simulation waveforms of simplified model are depicted in the dashed line. When compared the simplified model with the detailed model according to the battery's SOC waveforms, they are almost coincident, proving the effectiveness and accuracy of the model.
IV. SOC BALANCING CONTROL STRATEGY
This section proposes a SOC balancing control method for a battery energy storage system based on the hexagonal converter. Fig. 13 shows the overall control block diagram. The whole control is divided into the following two parts: 1) primary and secondary power control; 2) SOC-balancing control.
The control of primary side and secondary side power is realized by the p/q transformation, then the p/q currents are converted to 3-phase line-to-line currents (2Ô/Ô as shown in Fig.13 ) which are controlled on the arm-modules. The SOC balancing control is divided into ''branch SOC-balancing control'' between the six branches of the converter, and ''individual SOC-balancing control'' between fourteen converter cells in each branch.
A. PRIMARY AND SECONDARY SIDE POWER CONTROL
The control of primary and secondary side power is realized by the p/q theory. Then the p/q quantity is converted to 3-phase quantity and 3-phase currents of the primary side are controlled together with 3-phase currents of secondary side by the internal model principle which will be introduced in the following section. The p/q-transform is defined as following equation [27] :
where f d and f q are active and reactive components respectively. f u , f v and f w are 3-phase components. ω 0 is an angular frequency.
B. SOC-BALANCING CONTROL
We define the mean SOC value between the six branches SOC XY (X , Y = A . . . F) and mean SOC value within each branch SOC i (i = 1 . . . 14) as following:
The aim of branch SOC balancing control is to keep the mean SOC value of a branch (for example SOC A , SOC B . . . SOC F ) equal to the mean SOC value of the six armbranches (SOC). Similarly, the individual SOC balancing control will aim to keep each of the fourteen SOC values in a branch (for example, SOC A1 , SOC A2 . . .. SOC A14 ) equal to the mean SOC value of the corresponding branch (for example SOC A ).
1) BRANCH SOC BALANCING CONTROL
SOC balancing in all branches is realized by a loop current control. Loop currents has both frequencies of primary side and secondary side. The loop currents references are given by the following equations where k p1 , k p3 and k I 3 represent the ratio and integral coefficients respectively. 
As shown in Fig.14 , in order to achieve branch SOC balancing, according to the distribution characteristics of the converter's branch powers, ie. P A = P C = P E , P B = P D = P F , the loop currents are generated through the differences of average SOC values among six branches, which are superimposed on the arm-branch currents. The loop currents realize the energy balance between the branches, so as the SOC balancing.
2) CURRENT CONTROL
Power conversion and branch SOC balancing are controlled by regulating currents in the converter. Currents of arm-branches are expressed by the following equations [28] :
These show that each branch current has both frequencies of primary side and secondary side. Therefore, it is difficult to control the current by the p/q transformation. In this research, the branch current is directly controlled by applying the internal model principle as shown in (28) . The first term of the right side of (28) is a proportion control while the second term is the internal model principle controller. k p4 , k s4 are coefficients.
3) INDIVIDUAL SOC BALANCING CONTROL
The SOC balancing is essentially the balance of power, the power of the submodule in each branch can be redistributed by adjusting the output voltage of submodule. Therefore, the individual SOC balancing control is realized by adjusting the output voltage of each submodule. Then, it is necessary to add a component in the modulation signal of the submodule. The balancing control is given by (29) 
where SOC xn (x = A to F, n = 1 . . . . . . 14) represents the SOC value of n-th battery cell on the x-module of module A to module F. The control method can ensure SOC balancing among cells in each branch because of the exchange of power among them. The sum of this reference value is shown by (30) . It implies that the individual SOC balancing control doesn't affect the current control.
Then the voltage reference values v * x and v * xn are summed up and used for PWM modulation which is shown in Fig. 13 .
V. SIMULATION VERIFICATION
To verify the effectiveness of the proposed SOC balancing control strategy, simulation system as shown in Fig. 1 is built in the PSCAD/EMTDC software where the branches are replaced by the battery energy storage submodule model as shown in Fig. 9 . The system parameters are referred to appendix. By changing the set values of the active powers of the primary side and the secondary side systems P 1_ref , P 2_ref respectively, the charge or discharge of the battery energy storage system and the resulting changes in the SOC values can be observed. When the active powers of both systems are not equal, the difference of energy is stored or emitted from the battery energy storage system. The changes of both systems' active powers command in 0 to1000s are shown in Table 1 , while the reactive powers command of Q 1_ref = Q 2_ref = 0 ensures unity power factor operation. The initial SOC values of battery cells are kept between 45% and 60%. The active power P 1 with its reference value P 1_ref of the primary side and the active power P 2 with its reference value P 2_ref of the secondary side can be seen from Fig. 15 . For the convenience, P 2_ref and P 2 are depicted in the opposite value. It is clearly shown that the power can quickly track its set value. Fig.17 show the system voltages and currents of primary side. Likely, the secondary side waveforms can also be drawn. We can see that when the systems powers of the both sides change according to Table 1 , the system voltage does not change while the current is constantly changing. Fig.18 shows the battery current waveform of a battery unit in branch A which clearly shows the charging and discharging process of the battery unit.
Furthermore, as mentioned earlier, for P 1 = −P 2 , the battery energy storage system is charged and discharged to meet the power balance. Accordingly, the energy is stored in or released from the battery packs and the corresponding SOC values changes which is shown in Fig.19 . All battery packs have been initialized with an arbitrary SOC value. The initial values of the six branches' mean SOC (SOC A -SOC F ) are not equal in Fig. 19 (a) , where the initial mean SOC values are kept between 45% and 55%. Under the control of branch SOC balancing, the SOC values tend to be consistent. Furthermore, the fourteen SOC values of arm-branch A is used as a representative to verify the effectiveness of the individual SOC balancing control in Fig. 19 (b) . At first, the maximum difference of individual SOC value is 13.5%. Then these fourteen SOC values gradually started to converge together. In about 12 mins, all the SOC values are effectively balanced. The simulation results verify the effectiveness of the proposed control strategy. 
VI. CONCLUSION
This paper has described a 6kV battery energy storage system based on the hexagonal modular multilevel AC/AC converter, with focus on the SOC balancing of the multiple battery units. The operating principle of the hexagonal multilevel converter is investigated by theoretical analysis and simulation verification. Then the mathematical model of the battery 
